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- — -^Fourier  Transform  Infrared  Spectrometry  (FTIS)  has  been  used  to  study 

several  kinds  of  gas-gas  and  gas-surface  collision  processes  brought  about  with 
and  in  supersonic  free  Jets  in  vacuo.  Following  are  some  key  results  1 
(1)  Terminal  distributions  of  rotational  energy  in  free  jeta  of  CO  and  CO2  show 
a  non-Boltzmann  distribution  that  can  be  characterized  by  a  two-temparature 
model  and  explained  in  terms  of  competition  between  rotation-rotation  and  rota 
t ion- 1 ransl a t ion  tranafers.  (2)  Spectre  of  COy  molecules  excited  by  collisions 
with  Nj  molecules  Indicated  similar  two-t«nperature  distributions,  possibly  du 
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-go  secondary  collisions  between  excited  CoJ  and  R2.  (J)  The  accoamodation  of 

vibrational  end  rotational  energy  during  colliaiona  between  CO,  CO2  and  NO 
molecules  and  hot  platinum  eurfaces  hae  been  determined  over  a  range  of  sur¬ 
face  temperatures.  (4)  Excess  internal  energies  have  been  determined  in  nas¬ 
cent  CO  and  CO2  molecules  formed  respectively  by  catalytic  oxidation  of  C  and 
CO  on  a  platinum  surface.  An  energy  balance  indicates  that  about  1/3  of  the 
available  reaction  energy  is  absorbed  by  the  surface,  the  remainder  going 
mostly  into  vibrational  modes  of  product  molecules^^ 
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tUl"  grant  w  bava  baaa  pursuing  *  program  of  research 
procaaaaa  during  eolliaiona  between  molecules 


routing  to  tla  dataila  of 
in  tho  gas  phene  and  betwssa  oolocules  and  surfaces.  This  research  has  been  characterized 
by  a  combination  of  oethods  baaed  on  supersonic  free  jet  expansions  in  vacuum  molecular 
beam  methods  with  spectroscopy.  In  particular,  we  use  supersonic  free  jets  expanding  in 
vacuo  to  bring  about  tho  collisions  and  Fourier  Transform  Infrared  Spectrometry  to 
determine  tho  states  of  one  or  both  collision  partners  before  and/or  after  the  encounter. 
In  what  follows  we  will  set  forth  briefly  what  we  have  been  able  to  accomplish  in  each  of 
the  several  topics  that  we  have  investigated. 


II.  Achievements  and  Results 


1.  TV  Excitation  Cross  Suctions.  The  ability  to  obtain  high  translational  energies 
by  aerodynamic  acceleration  provided  the  basis  for  some  of  the  research  that  we  have  been 
carrying  out  under  this  program  for  tho  past  several  years.  Oir  original  objective  was  to 
determine  the  cross  sections  for  TV  excitation  of  molecules  at  collision  velocities  in  the 
range  from  2  to  8  kilometers  per  second.  In  particular,  we  wanted  to  measure  cross 
sections  for  the  excitation  of  OO2  molecules  during  collisions  with  Nj*  Oj,  and  Ar.  In 
this  velocity  range,  the  eenter-of-mass  collision  energies  for  these  species  range  from 
QJ  to  S  or  so  of.  The  reason  for  interest  in  chess  cross  sections  stems  from  the  belief 
that  TV  excitation  collisions  batwesn  confcustioo  product  molecules  and  atmospheric  species 
nay  account  for  soma  features  of  the  infrarod  radiation  from  the  exhaust  plumes  of  rockets 
flying  et  higk  altitudes.  If  the  ^citation  cross  sections  and  their  energy  dependence 
were  known,  it  would  be  possible  to  ccnputs  the  amount  and  distribution  of  radiation  to  be 
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wee  U  brut  ■boot  tho  high  energy  collisions  by  oppoout 
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«at  obtaiati  by  expanding  o  aiitara  of  on*  of  tho  colli* ion  partner*  in  hydrogon  or 
ho  linn.  Tho  inter*  act  ion  region  of  tho  two  jet*,  whore  the  high  energy  collision*  occur, 
occupied  tho  fioid  of  view  of  a  sensitive  infrared  detector.  Collision  energy  was  varied 
by  changing  tho  concentration  of  tho  seed  specie*  in  the  carrier  gas.  To  a  more 
circumscribed  extent,  the  source  teaperature  could  also  be  varied.  There  are  two 
prerequisites  to  obtaining  observable  signals:  molecules  oust  become  excited  and  they 
oust  radiate  before  they  leave  the  field  of  view  of  the  detector.  This  latter  requirement 
compounds  the  problem  of  an  already  harassed  experimenter  because  the  radiative  lifetimes 
of  the  expected  states  arc  at  least  several  milliseconds.  The  residence  time  of  an 
excited  molecule  in  the  field  of  view  of  the  detector  is  of  the  order  of  a  few  times  10“^ 
seconds.  The  net  result  is  that  one  can  only  hope  to  see  a  small  fraction  of  the  excited 
molecules,  the  impatient  ones  that  radiate  early.  By  painstaking  attention  to  many  small 
details  such  as  alignment,  optical  focussing,  careful  baffling  and  inp  roved  calibration 
procedures,  and  after  many  frustrations  and  disappointments,  we  finally  succeeded  in 
increasing  signal  and  reducing  noise  to  the  point  where  we  could  measure  cross  sections  as 
small  as  a  few  times  iO”^®cn*.  We  determined  for  the  first  time  the  TV  cross  section  for 


the  asymmetric  stretch  mode  of  COj  by  collisions  with  *nd  found  that  it  rises  steeply 
from  a  value  of  about  3  x  10“^®cm*  at  collision  energies  just  above  the  threshold  value  of 
&288  eV  to  about  5  x  10“^cn*  at  a  collision  energy  of  2  eV.  Most  gratifying  was  the 
fact  that  measurements  and*  when  the  jets  intersect  st  90  degrees  were  entirely  consonant 
with  those  made  whan  the  intersection  angle  was  180  degrees.  Me  also  obtained  cross 
sections  for  excitation  of  the  same  mode  with  argon,  oxygen,  and  hydrogen  as  the  collision 


partners.  (2)  He  are  now  engaged  in  trying  to  carry  out  similar  measurements  with  HjQ  ** 
the  species  to  be  excited. 


Tf  — ltitiw  cross  sections  wn  \oul"  ia  tha  laua  that  ebay  raUtad  to  all 


ttm  walai^l  rsngn  «f  eha  Inflb  detector,  2  to  3  microns.  Ie  happen a 
that  far  C8j  eha  aaywaCric  atrateh  node  ia  eha  only  ona  that  can  radiata  in  that 


interval.  Hi  than 


iataraatad  ia  knowing  tha  distribution  of  rotational  energy  in 


the  collisionally  aacitad  aolacules  and  ware  fortunate  enough  to  obtain  a  Fourier 
Transform  Infrared  Spactroaatar  (RIS)  to  sea  if  wa  could  spectrally  resolve  tha 
radiation*  This  now  task  has  proved  to  be  inordinately  acre  difficult  than  tha 
asssursasnt  of  total  excitation  cross  sections.  In  that  case  tha  detector  was  in  tha 
vacuua  system  only  a  few  centiaeters  from  tha  collision  region.  In  the  case  of  the  FTIS 
experiment  wa  had  to  *Vipe”  the  radiation  out  of  tha  vacuum  system  and  through  a  window 
before  it  could  enter  the  spectrometer.  In  addition,  only  a  small  fraction  of  the  total 


radiation  fall  within  the  wavelength  range  for  each  of  twenty  or  more  rotational  lines. 
After  nearly  three  years  of  trying,  we  finally  obtained  a  useful  spectrum  for  an  optimum 
combination  of  collision  velocity  and  flux  density  with  C02  and  N2.(3)  We  will  have  to 
achieve  further  iaprovemsnta  in  signs 1-to-ooise  before  we  can  make  measurements  at  other 
velocities. 

This  first  elusive  spectrum  reveals  a  distribution  that  can  best  be  described  in 
terms  of  two  sub-populations,  one  at  a  rotational  tesperature  of  64  K,  the  other  at  a 
teaperature  of  340  K.  Our  tentative  explanation  is  that  the  molecules  in  the  low 
temperature  group  represent  those  which  have  had  a  single  exciting  collision  with  an  N2 
molecule,  fie  would  expect  low  rotational  energies  for  these  molecules  because  only 


collisions  with  ssmll  impact  parameter  would  put  enough  energy  in  the  center  of  mass  for 


vibrational  excitation.  Tha  high  takers ture  population  comprises  those  molecules  which 
have  had  a  second  collision  after  being  vibrationally  excited.  Such  a  second  collision 


Id  heve  a  large  probability  of  exciting  higher  J  levels.  We  emphasise  the  tentative 
■cm  of  this  explanation  of  what  we  have  observed.  Further  work  will  be  required  before 


me  can  claim  any  confidence  in  such  a  preliminary  result. 
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During  owr  long  struggle  to  obtain  a  TV 


andfeatito  apeatra*  m  made  same  other  kinia  of  VRS  stadias  that  had  thair  roots  in  what 
me  laaxnad  daring  the  original  moaawranauts  of  total  TV  axeitation  cross  sactioas.  Ons  of 
the  no  jar  prablono  in  thooo  nsssnr— nts  was  the  calibration  of  the  detection  system. 
Originally  we  hod  tried,  without  conspicuous  success,  to  use  a  black  body  source  at  a 
known  temperature.  Ms  then  hit  upon  a  scheae  which  had  its  origins  in  sons  of  our  earlier 
studios  of  internal  energy  relaxation  during  free  jet  expansion.  Those  studies  were  based 
on  TV  neasureasnts  in  beans  extracted  fron  free  jet  sources.  Such  measurements  gave 
directly  the  amount  of  translational  energy  in  the  beam  molecules.  Because  the  free  jet 
expansion  is  adiabatic,  an  energy  balance  allowed  us  to  infer  the  amount  of  residual 
internal  energy  in  the  bean  molecules.  It  is  possible  to  determine  the  relaxation  rate  for 
that  node  in  which  the  residual  energy  is  contained.  Indeed,  during  the  work  reported 
here,  we  made  a  substantial  advance  in  calculational  methods  for  relating  the  residual 
energy  to  the  relaxation  rate.  (1)  We  had  found  in  our  earlier  studies  that  in  the  case 
of  COj  and  CO,  essentially  none  of  their  original  vibrational  energy  was  dissipated  in  the 
espaasion.  Thus,  the  terminal  vibrational  te^crature  of  these  species  in  the  free  jet 
one  the  sane  as  the  source  teapersture.  Because  we  know  with  some  precision  the  density 
distribution  along  the  jet  axis  and  thus  in  the  field  of  view  of  the  detector,  we  could 
calibrate  the  detector  in  situ  singly  by  heating  the  source  gas  to  an  appropriate 
toapezature  and  measuring  the  radiation  from  the  free  jet  molecules. 

After  we  obtained  the  RU  we  examined  in  soma  detail  the  spectral  character  of  the 
radiation  from  COj  and  00  molecules  after  free  jet  expansion  fron  a  heated  noxxle.  The 
results  were  wary  interesting.  We  found  that  the  distributions  were  markedly  non- 
Baltina  an  and  therefore  could  not  be  characterised  by  a  single  temperature.  Other 
imvaetigators  have  found  similar  departures  from  a  Boltzmann  distribution.  The  advantage 
ef  fllg  is  that  it  provides  a  much  wider  range  of  J  values  than  other  methods  can 

It  turned  out  that  over  a  vide  range  of  source  conditions,  giving 


could  always  achieve 


cabiMliM  of  Cm  Boltmam  distributions,  a  coucepC  already  aautiooad  is  eba  above 
diecuaeiou  of  Che  TV  excitation  spectrum.  This  two-temperature  model  may  simply  be 
regarded  as  am  empirically  useful  device  but  it  led  us  to  tbe  possibility  of 
characterising  Che  departure  from  a  Boltzmann  distribution  in  terms  of  a  single  parameter, 
the  molar  rotational  entropy  deficit  in  terminal  jet  molecules,  a  sort  of  integrated 
suprisal.  dm  investigation  of  the  dependence  of  this  entropy  deficit  upon  source 
conditions  seems  to  be  esplsinable  in  terms  of  a  competition  between  RT  and  R&  transfers 
in  rotational  relaxation  during  free  jet  expansion.  Some  of  these  results  have  already 
been  published.  (4)  A  paper  on  subsequent  work  is  in  preparation.  We  believe  that 
further  a  todies  of  this  kind  may  allow  us  to  evaluate  the  magnitude  of  these  RR  transfer 
cross  sections.  He  know  of  only  one  other  experiment  that  provides  information  on  such 
exchanges,  a  recant  elegant  measurement  by  Soger  Miller.  Using  the  laser-bolometer 
technique,  he  determined  the  change  of  rotational  state  in  a  beam  of  HF  molecules 
scattered  through  very  small  angles  by  a  crossing  beam  of  HF  molecules. 


In  order  to  cover  as  vide  a  range  of 


collision  energies  as  possible  in  our  original  TV  excitation  studies,  we  sometimes 
resorted  to  raising  the  temperature  of  tbe  source  from  which  came  the  collision  partners 


for  the  vibratianally  cold  OO2  molecules.  La.,  the  N2,  Ar,  02  or  ^  free  jet  that  opposed 
the  C02  free  jet.  Consequently,  part  of  the  calibration  procedure  consisted  in 
determining  the  contribution  of  radiation  from  tbs  hot  nozzle  to  the  detector  signal. 
During  one  of  these  calibration  procedures,  we  turned  off  the  gas  flow  in  the  heated 
ooasle  and  1st  the  cold  chopped  C02  jet  to  continue  to  run.  The  result  was  a  fairly 
strong  detector  signal  that  we  traced  to  C02  molecules  rebounding  from  the  heated  end  of 
the  sppsat^  mosaic.  In  short,  a  substantial  fraction  of  tha  C02  molecules  were  being 


vih'lt jama  1 ly  titii  fey  •  lk|U  collision  with  a  hot  surface.  This  observation  led  to 

cm  ttHtitee  interactions.  Ia  one,  we  studied  the  vibrational 
and  rotational  acco—odatloa  of  aoleealas  incident  on  heated  eurfaces.  In  the  other,  we 


the  internal  energy  states  of  nascent  molecule*  formed  by  catalytic  reaction  on  a 


platinum  surface. 


Xa  these  experiments,  we  intercepted  the  free  jet  with  an 


electrically  heated  surface  far  enough  fron  the  nozzle  exit  so  that  there  were  essentially 
no  encounters  between  incident  and  rebounding  molecules.  The  FTIS  was  focussed  on  the 
region  inediately  above  the  surface.  Hie  will  suamarize  briefly  some  of  the  highlights  of 
results  which  have  been  obtained  at  surface  tesperatures  ranging  from  700  K  to  1450  K. 

(a)  00^  on  Platinum.  The  asymmetric  stretch  mode  became  excited  in  about  20  per  cent 
of  the  incident  molecules.  The  absence  of  hot  bands  indicated  that  bending  and 
symmetric  stretch  modes  did  not  become  excited  in  these  molecules  that  were 
asymmetrically  excited  which  are  the  only  ones  we  see.  The  rotational  energies  of 
these  excited  molecules  had  a  Boltzmann  distribution  corresponding  to  a  temperature 
about  half  the  surface  teaperature. 


Cb)  00  OB|  flltilHH  About  70  per  cent  of  the  incident  molecules  became  vibrational ly 
excited.  The  relative  populations  of  the  first  and  second  levels  revealed  in  the 
spectrum  indicated  a  vibrational  teaperature  identical  with  the  surface  teoyerature. 
The  distribution  of  rotational  energy  was  non-Boltzmann  and  corresponded  to  roughly 


00  par  cent  acco—dation. 


(c)  10  on  Platinum.  The  vibrational  te^erature  of  the  excited  molecules  was  about 
90  per  cent  of  the  surface  tenperature,  which  was  1430  K.  The  distribution  of 
rotational  energy  was  aou-Boltinaan  and  corresponded  to  an  energy  accomaodation  of 


about  60  per  cent.  Spin  orbit  teuperatures  were  determined  from  the  relative 
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A  '  •  •  . 


*■  **•  ^  «i  states.  They  wiai  with  4  level,  decreasing 

^P!SPP^flpW^8r8rHp^yi^"khii*  «*  It  the  lowest.  It  is  interesting 
far  tho  lew  J  levels  is  sell  bslow  both  TTOrf>f<  end  ’Trot^tioo"* 
fasss  MMBshtke  studies  bsve  bees  sore  coop lately  described  ia  tvo  papers  el  reedy 
published*  (5,6)  Oar  rssslts  differ  frost  end  ere  supplementary  to  those  obtsined  by 
wfa*  invest igetors  she  use  I4F  probing  of  the  departing  molecules.  Because  of  greater 
sensitivity  they  can  obtain  angular  distribution  information  and  can  work  with  clean 
surfaces  at  teem  tenpersture  under  ultra-high  vacuum  conditions.  We  oust  work  with  high 
surface  temperatures,  both  to  avoid  contamination  and  to  excite  the  molecules  to  radiating 
*tates»  Fortunately,  we  can  study  the  behavior  of  some  species  that  do  not  lend 
themselves  conveniently  to  UF  methods  with  lasers  now  available. 


h  inactive  Scattering  fagjUi  Having  ben  able  to  obtain  useful  signals  from 
molecules  excited  by  single  collisiona  with  other  surfaces,  we  were  encouraged  to  attenpt 
a  study  of  the  internal  states  of  molecules  farmed  by  reaction  on  a  catalytic  surface. 


Becker  ot  el.  at  Chicago  had  found  by  TOF  measurement  a  that  C02  formed  by  catalytic 
oxidation  of  00  om  a  platinum  surface  came  off  with  about  4  keal/mol  more  translational 
Mingy*  then  thermal  equilibrium  with  the  surface  would  account  for.  Accordingly,  wo 
tmmnAad  «  mixture  of  00  and  0j  ia  a  free  j*t  incident  on  s  polycrystalline  platinum 
smrfatm  at  700  K.  4  typical  spectrum  of  emission  from  the  nascent  product  molecules  ia 
tmrp  "fcdt/1  sfifa  fait  of  hot  bonis  indicating  vigorous  excitation  of  all  vibrational 
vfas*  Amelyois  of  this  spectrum  teals  to  reasonably  reliable  values  of  "tsB*eratureH  far 
tho  sjMilrld  stretch,  banding  sad  rotational  modes.  With  these  tenwrituret,  we  can 
snap  wtl  s  spestrwm  suing  the  asymmetric  etratcb  temperature  se  a  fitting  parameter 
apart  not  fapoipasitios  of  tho  sinmletod  nod  experimsnul  spectra  shows  e  remarkably  good 
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w  too  this  to  obtaia  with  some  eoof  ideoce  tho  saount  of  onorgy 
rtlttivo  it  thermal  equilibrium  at  tho  surface  tesperature 
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3i  kcal/uol  la  banding,  3*4  kcel/mol  in  asywatric 


•f-  th»  transit iem  complex  at  thn  top  of  the  activation  barrier  ia  known  to  be  29.2 
kcal/aol.  The  Chicagm  group's  TOT  results,  aa  already  noted,  ahov  4.0  keal/aol  in 
translation.  4a  energy  balance  lets  ua  conclude  that  about  10J  kcal/ool  ia  abaorbed  by 


the  surface.  A  preliainary  report  of  theae  finding  a  ia  already  in  print.  (7)  A  more 
complete  exposition  has  been  auboitted  for  publication.  (8)  Although  theae  results,  of 
which  we  are  very  proud,  provide  the  noat  cooprehensive  accounting  of  energy  distribution 
yet  achieved  for  a  surface  catalyzed  reaction,  that  accounting  cannot  yet  be  considered 
couplets.  There  recoins  the  possibility  that  some  of  the  available  reaction  energy  could 


have  been  stored  in  synoetric  stretch,  bending  and  rotational  nodes  of  molecules  that  were 
in  the  ground  state  with  respect  to  asyonetric  stretch.  One  of  the  things  we  hope  to  do 
in  future  research  is  to  develop  methods  of  using  absorption  spectrometry  to  analyze  the 
energy  distribution  of  molecules  that  are  not  excited  in  the  asymmetric  stretch  mode. 

Korii  and  Halpera  in  our  laboratory  have  carried  out  an  analogous  study  of  CO 
oxidation  on  a  platinum  surface  in  which  0  atoms  from  a  microwave  discharge  instead  of  02 
molecules  were  the  oxidizing  agent.  The  results  were  similar,  except  that  reaction 
occurred  even  whan  the  surface  was  at  room  tesperature.  An  interesting  observation  was 
the*  if  the  platinum  surface  was  completely  covered  with  oxygen,  no  C02  was  formed,  but 
the  rebounding  molecules  of  CO  were  highly  excited  both  vibrational ly  and  rotational  ly. 
Indeed,  the  spectrum  was  essentially  a  continuum.  We  are  a  bit  mystified  by  this  result 
end  speculate  that  by  acme  unknown  mechanism  the  recombination  energy  of  the  0  atoms  ended 
up  in  rotational  and  vibrational  modes  of  the  GO.  A  more  interesting  result  was  obtained 
whoa  the  platinum  surface  contained  carbon  atoms  at  concentrations  substantially  below  e 
monolayer.  Ofader  these  conditions  a  incident  flux  of  0  or  02  resulted  in  the  formation 
of  CO  molecules  excited  up  to  the  seventh  vibrational  level.  A  suprisel  analysis  of  these 
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obeervatione  lad  to  the  coaeleaiom  chat  cha  fcramaitiom  complex  probably  eoapriaad  a  earbaa 
atom  bowmd  to  threo  surface  Ft  atoms  and  oaa  0  atom.  A  papar  oa  this  work  haa  baaa 
submitted  for  publication.  (10) 

A  vary  recant  and  exciting  ext  ana  ion  of  thie  work  haa  recently  bean  carried  out  in 
our  laboratory.  A  pulsed  nozzle  in  conjunction  with  a  soft  ware  FT1S  prog  ran  for  time- 
resolution  of  spectra lconponents  has  revealed  the  dependence  on  surface  coverage  of  the 
internal  state  of  product  molecules.  It  emerges  that  there  is  less  excess  energy  at  low 
coverages  than  at  high  coverages.  A  paper  has  been  submitted  to  Surface  Science.  (9) 

Another  result  of  interest  in  the  surface  resection  arena  made  possible  by  the  FT1S 
was  the  finding  that  a  flux  of  N  atoms  and  O2  molecules  on  a  platinum  surface  resulted  in 
the  formation  of  copious  quantities  of  N^.  (11)  The  conditions  of  this  early  experiment 
were  such  that  any  radiation  due  to  excitation  in  the  nascent  NjO  was  overwhelmed  by 
radiation  from  product  molecules  that  were  excited  by  collisions  with  vibratiooally 
excited  from  the  microwave  atom  source.  In  the  future  we  hope  to  re-examine  this 
reaction  using  the  "c leaner*  techniques  we  have  developed  in  the  CO  oxidation  studies. 

It  seems  clear  that  the  combination  of  FTIS  with  free  jet  molecular  beams  coaq>rises  a 
powerful  method  of  probing  the  details  of  at  least  some  inport ant  surface  reactions.  He 
hope  to  extend  our  studies  in  this  exciting  arena. 

<•)  PtPtrp 

(i)  A  chapter  entitled  tolliiion  Kinetics  in  Gas  Dynamics"  was  prepared  for  the  five 
volume  treatise  on  Applied  Atomic  Collision  Phvsica  edited  by  Massey.  Bederson 
and  McDaniel  and  published  by  Acadenic  Frees.  It  treated  supersonic  free  jet 
expansions  as  an  example  of  the  interplay  between  the  continuum  and  particulate 


(ii)  A  tutorial  miai  Artie  1*  entitled  T>rder  from  Cbeoe  with  Molecular  Beams"  was 
preps mi  Ian  the  WaramHnga  of  the  Indian  deader  of  Science.  It  conpriaed  an 
expended  version  of  an  invited  lecture  delivered  to  the  Academy.  (13) 

(iii)  A  review  paper  entitled  ’Vara  Are  we  Going  with  Molecular  Beane"  was  presented 
by  invitation  at  the  13th  International  Synpoeiun  on  Molecular  Beans  at 
Novosibirsk  in  July  1983.  It  will  appear  in  the  proceedings  to  be  published  by 
Plena  Press.  (14) 


4«.  Other  Related  Efforts.  In  addition  to  the  specific  research  studies  sunmarized 
in  the  previous  paragraphs,  we  also  carried  out  several  general  tasks  made  possible  in 
part  by  the  support  of  this  grant.  These  include: 


(b)  Miscellaneous  Articles 

(i)  A  note  entitled  "Clusters  as  a  Possible  Source  of  Error  in  Molecular  Beam 
Scattering  Experiments"  was  based  on  results  obtained  in  part  under  AFOSR 
sponsorship.  (15) 

(ii)  A  letter  to  the  editor  was  published  in  Review  of  Scientific  Instruments  entitled 
"Further  Reflections  on  the  Sole  of  a  Mass  Flux  Gauge  in  the  Calibration  of  Mass 
Spectrooetric  for  Dimers."  It  was  in  response  to  a  letter  by  W.  EL  Gentry  on  the 
problem  of  calibrating  a  mass  spectrometer  for  dimer  assay.  (16) 

(iii)  A  note  was  submitted  to  the  Journal  of  Chemical  Physics  entitled  "Oa  the  Time 
Required  to  Reach  Fully  Developed  Flow  in  Pulsed  Supersonic  Free  Jets"  with  K.  L. 
Saenger  of  MIT  as  co-author.  (17) 

(iv)  An  article  entitled  "Research  is  Engineering"  was  published  in  Chemical 
Engineering  Education.  It  argued  that  research  in  general  and  on  Molecular  Beams 
in  particular  was  indeed  important  practical  educational  experience  for 

engine are.  (18) 
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This  program  had  its  origins  in  a  joint  venture  with  Aerodyne  Research  Laboratories 
of  Bedford,  Mass.  Vie  have  maintained  a  working  relation  with  that  group  by  visits  and 
telephone  calls,  in  particular  with  Drs.  C.  E.  Kolb  and  J.  A.  Silver.  We  have  also 
maintained  comnunications  with  Dr.  A.  Rahbee  and  his  colleagues  at  the  Air  Force 
Geophysical  Laboratories  at  Hanscosfc  Air  Force  Base. 

Lectures  on  various  aspects  of  this  research  have  been  given  at  the  following  places: 
FOM  Laboratory  of  Atomic  and  Molecular  Physics  in  Amsterdam,  Max  Planck  Institute  for 
Fluid  Mechanics  in  Goettingen,  University  of  Marburg  (West  Germany),  University  of  Munich, 
diversity  of  Bern,  University  of  Lausanne,  University  of  Kaiserslautern,  University  of 
Karlsruhe,  Munich  Chemical  Society,  University  of  Sydney,  Australian  National  University 
(Canberra),  Australian  Physical  Society  (Adelaide),  University  of  Queensland  (Brisbane), 
University  of  Canterbury  (Christ  Church,  New  Zealand),  Indian  Institute  of  Science 
(Bangalore),  Bobo  Research  Institute  (Boofcay),  University  of  Patras  (Greece),  University 
of  Waterloo  (Ontario),  and  Bell  Telephone  Laboratories. 
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